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We study the sensitivity of the stopped pion source of neutrinos at the Spallation Neutron Source (SNS) at
Oak Ridge National Laboratory to neutrino non-standard interactions (NSI). In particular, we find that simple
event counting above threshold can improve constraints on NSI for electron- and muon- flavored NSI, with the
strongest constraints arising for flavor-diagonal NSI coupling to µ neutrinos. However, if the detector resolution
is sufficient to all for even a coarse spectral study of events, COHERENT will also be sensitive to the mass scale
of NSI. We demonstrate that this can yield new limits on Z′ completions of NSI if the gauge boson mass is . 1
GeV.
I. INTRODUCTION
Neutrinos remain poorly constrained. With the possible ex-
ception of the Higgs, they are arguably the least understood
particles of the Standard Model (SM). Simply as an empiri-
cal matter then, they may easily contain signs of new physics
beyond the SM (BSM). Indeed, with the origin of neutrino
masses remaining unknown, it is clear that BSM physics af-
fects neutrinos at some level. Yet despite this theoretical pos-
sibility and rapid experimental progress, even today neutrino
interactions remain one of the least tested predictions of the
SM. Clearly such a test will be extremely fruitful whether it
leads to additional constraints and a confirmation of the SM,
or more optimistically, to a discovery leading the path the new
physics.
In this paper we will focus on the neutral current (NC) class
of such interactions that can imprint themselves on both neu-
trino propagation and scattering, dubbed “non-standard neu-
trino interactions” (or NSI). NSI has a long history and has
been studied for as long as the matter effect on neutrino oscil-
lations has been known [1].
The strength of these new neutrino interactions is
parametrized in units of the Fermi constant GF ,
LNSI ⊃ −2
√
2GF
∑
f,P,α,β
εf,Pαβ (ν¯αγ
µνβ)
(
f¯γµPf
)
, (1)
where P is either the left/right chirality projection operator,
f is a SM fermion of ordinary matter (e, u, d), and the ε’s
dictate the strength of the interaction. Notice that in contrast
with the SM, NSI allows for the possibility of neutrino flavor
off-diagonal NC couplings.
Although some of the ε coefficients can be very strongly
constrained, recent work has emphasized that light, weakly
coupled vector mediators can produce surprisingly strong
NSI [2–6]. Note that although Z ′ models are a natural way
of UV completing the operators in Eq. (1), other models ex-
ist as well. For example upon Fierz rearrangement, one can
show that scalars coupling as f¯φLwill also produce NSI oper-
ators [7–10]. Models of this type include leptoquarks, and R-
parity violating supersymmetry. However present constraints
from electroweak precision data and rare decays are constrain
such NSIs to be . 1% GF in strength [2]. Therefore we will
focus on Z ′ models as NSI completions (though see Ref. [10]
for recent NSI model-building using an electrophilic Higgs).
Intriguingly, present current solar neutrino data may fa-
vor a non-standard matter potential which either NSI [11–13]
or dark matter-neutrino interactions may explain [14]. This
makes orthogonal probes an appealing test. In the dark mat-
ter case, additional probes are limited to future IceCube and
better observations of small-scale DM structure. In the NSI
case however, there are a variety of complementary search
strategies. These include missing energy and multi-lepton
searches at colliders [2, 4, 8, 15], long-baseline oscillation
data [1, 13, 16–21], cosmological considerations [22, 23],
and neutrino-nucleus scattering data (see e.g. [24–29]). And
finally, the sensitivity of atmospheric [30–36] and solar
data [3, 12, 37–42] to NSI has been extensively studied as
well.
In the near-term, the COHERENT experiment utilizing the
SNS at Oak Ridge National Laboratory (ORNL) will attempt
to measure coherent elastic neutrino-nucleus (CEνNS) scat-
tering for the first time [43]. Despite the large cross section
this process should have, it has yet to be measured because of
the low-energy thresholds needed in order to observe such nu-
clear recoils. The notion of constraining NSI with a stopped
pion source was first emphasized in [25]. Note that COHER-
ENT will also have novel sensitivity to light sterile neutri-
nos [44], Z ′ bosons [45], and models of light dark matter [46].
The Spallation Neutron Source uses stopped pions to pro-
duce a high-intensity flux of neutrinos. Thus the flavor com-
position is 2:1 in favor of muon-type neutrinos, with a prompt
muon-flavored monochromatic component via
pi+ → µ+ + νµ (2)
and a more spread-out distribution of electron- and muon-
flavored neutrinos via
µ+ → ν¯µ + νe + e+ (3)
The outline of this paper is as follows. First, we discuss
our mock-up of the COHERENT detector, treatment of NSI,
and set-up of our analysis. We then present the results of our
analysis, focusing on the ability of COHERENT to provide
both improved quantitative NSI sensitivity but also highlighit-
ing the new qualitative sensitivity to the mass-scale of NSI.
We then conclude.
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2FIG. 1: Left:The dominant contributions to the prompt signal come from the two-body decay of the pi+ yielding a monochromatic νµ, while
the delayed signal is dominated by the µ+ resulting in the spectra of νe’s and ν¯e’s. Right:The presence of a distribution of naturally occurring
Ge isotopes aides somewhat in breaking the degeneracy discussed in the text.
II. COHERENT DETECTOR SIMULATION DETAILS
A. Details of Mock-up
In general NSI can have 6 new parameters to describe
matter-neutrino interactions. However, let us for simplicity
turn on only one new NSI coupling for illustrative purposes,
the coupling to up-type quarks coupling only diagonally to
neutrino flavor. Thus in other words all NSI couplings are
zero except, εuVαα 6= 0.
The generalized cross section for a να incident on a nucleus
N is
dσαN
dER
=
G2FmN
pi
F 2N (ER)
(
1− mNER
2E2ν
)
×Q2αN (4)
where the effective charge is
Q2αN ≡
[
Zg˜Vp + (A− Z)g˜Vn
]2
(5)
and the nucleon-level couplings are
g˜Vp = g
V
p + 2ε
uV
αα (6)
g˜Vn = g
V
n + ε
uV
αα (7)
where the SM couplings are gVn = −1/2, gVp = 1/2 −
2 sin2 θw. The analogous effective couplings for NSI d-type
or universal quark couplings are straightforwardly obtained.
More generally however, we will be interested in the case
that the mediator inducing NSI is comparable to or even
lighter than the mediator’s mass. In this case the effective
charge is energy dependent Q2αN → Q2αN (ER), since the
propagator of the Z ′ enters. This leads to the potential of the
being able to deduce the mediator mass if spectra are avail-
able. We allow for this more general possibility in our analysis
by introducing an energy-dependent charge:
g˜Vp = g
V
p +
2g2G−1F
q2 +M2Z′
(8)
g˜Vn = g
V
n +
g2G−1F
q2 +M2Z′
(9)
where the momentum transfer is q2 = 2mNER.
The number of events per unit detector mass per unit time
induced by each neutrino flavor is
dRα
dER
=
∫
φα
dσα
dER
dEν (10)
where the spectral shapes of each flux φα are easily calculated
from the kinematics of pi+ → µ++νµ and µ+ → ν¯µ+νe+e+.
For reference we display these in the left panel of Fig. 1.
The prompt and delayed signals can be mostly separated
from each other by a timing cut, though there is still a finite
probability for the muon to decay within the proton pulse.
Consistent with other work we take this probability to be
Pτ = 0.14 [47].
Then we compute the predicted prompt and delayed events
via this timing cut as
ND = (1− Pτ )(Nνe +Nν¯µ) (11)
NP = Nνµ + Pτ (Nνe +Nν¯µ) (12)
To effectively account for the dependence on the signal nor-
3FIG. 2: Here we display the projected sensitivity of COHERENT to various NSI couplings. The red, green, and blue curves for each panel
show the limit obtained from up-quark only coupling, down-quark only coupling, and universal quark couplings respectively. Each panel
displays the sensitivity for different NSI neutrino flavor couplings. Note that the flavor off-diagonal terms are much less constrained since
they do not benefit from interference with the SM. Relatedly the µµ NSI coupling is most strongly constrained since it benefits from both the
interference effect and the larger νµ flux. COHERENT does not have sensitivity to ττ NSI.
malization we use the statistic
χ2 (13)
=
∑
i=P,D
(
(1 + ξ)Ni,theory −Ni,obs
σi
)2
+
(
ξ
σsys
)2
where the χ2 is minimized with respect to ξ, and we use
σ2i = Ni,obs(1+σstat). Although this is a simplified treatment
of the background, we have verified that it appears to produce
conservative sensitivity estimate to NSI. The dominant back-
grounds we examined to CEνNS are neutrino-induced neu-
trons, internal γ’s and β’s, and radioactivity from the lead
and concrete shielding [43]. Contributions to the systematic
uncertainty include the quenching factor of Ge, the neutrino
flux, and the precise knowledge of the recoil energy thresh-
old. To account for these in a conservative manner, we take
σstat = 0.2 and σsys = 0.1 in the above prescription.
B. Spectral Sensitivity
Nominal sensitivity to NSI can be obtained by sim-
ply counting the total number of events above a threshold
(c.f. [47]). Additional sensitivity is offered by a spectral anal-
ysis, which we assume should be possible. This is based
on the known utility of Ge-based PPC technology at attain-
ing excellent energy sensitivity. Based on published estimates
of similar low-threshold detectors, resolutions varying from
91 eVee up to 340 eVee have been achieved [48]. We therefore
take this pessimistic 340 eVee value as a fiducial assumption
for the resolution, which is equivalently≈ 1.6 keV, where we
have used the k = 2 Lindhard paramterization the quenching
factor for Ge is (E/keVee) = 0.2(ER/keV)1.12.
III. ANALYSIS RESULTS
We notice immediately that in addition to the expected al-
lowed region around ε = 0 an interesting additional allowed
region appears around ε ' 0.3. This arises from the fact that
4FIG. 3: Here we demonstrate the expected COHERENT sensitivity
(2 yr of data on a 10 kg Ge target) to the finite mass of the NSI
mediator from a 5 bin spectral shape analysis. To be conservative we
have used a 5 keV threshold with 1.5 keV energy resolution.
the scattering is insensitive to the sign of QαN , creating a
strong degeneracy whenever the following relation is satisfied
Zg˜Vp + (A− Z)g˜Vn = ±(ZgVp + (A− Z)gVn ). (14)
Thus in the vicinity of the value
εuee = −
2(ZgVp + (A− Z)gVn )
A+ Z
, (15)
we indeed expect there to be limited sensitivity. This agrees
quite well with the dip in sensitivity observed in the χ2 as it
must. To some extent, the use of a detector with unrenriched
Germanium (where five isotopes contribute at > 1%) is ben-
eficial in moderating this degeneracy. We illustrate this in the
right panel of Fig. 1. A similar degeneracy amongst NSI of
different flavor couplings is also discussed in the Appendix of
Ref. [47].
Now we will discuss our main results of an estimated sen-
sitivity to NSI that COHERENT will have with a Ge target.
These results are summarized in Fig. 2. Each panel assumes
a different neutrino flavor coupling for NSI εαβ . As a result
of the large fluxes of electron and muon-flavored neutrinos in
the source, COHERENT will have sensitivity to all NSI coef-
ficients with the exception of εττ .
One of the most apparent features of the results is the strong
sensitivity to εfµµ. This comes from a combination of two
facts: (1) the νµ/ν¯µ flux is significantly larger than the νe flux,
and (2) the εfµµ coefficient is diagonal in neutrino flavor and
therefore benefits from interference with the SM contribution
such that the dominant cross section modification is linear in
ε. The sensitivity to εfee is by comparison weaker as a result
of the lower νe flux. Of the flavor off-diagonal NSI couplings
εαβ we see that εeτ is the most poorly constrained. This is
FIG. 4: Here in the green shaded region we display COHERENT
sensitivity to new Z′’s interacting which couple to neutrinos and
quarks universally with flavor diagonal couplings. Because of the
degeneracy with the SM discussed in the text, the region between the
two black dashed curves cannot be excluded. For reference we also
show the estimated limit from [49] based on solar neutrino nuclear
recoil interpretation of current CDMSlite data [50].
easily understood since it is the only coupling which is both
sensitive only the νe component of the flux and also does not
benefit from interference with the SM contribution. Lastly, for
the flavor off-diagonal possibilities we observe that εeµ is the
most strongly constrained, as it must be since it is sensitive to
all the flavors in the neutrino flux.
Next we investigate to what extent COHERENT may be
sensitive to the mass scale of NSI. Deviating from the contact
operator assumption (i.e. Eq 1) implies that now (at least) two
parameters enter into the rate: the coupling g and the medi-
ator mass Z ′. To begin with, we will start off assuming that
COHERENT find itself in the optimistic case of having dis-
covered scattering events inconsistent with the SM. Then the
question will be: what values of NSI has nature preferred?
The rough value of  will be able to inferred from the total
numbers of delayed and prompt events. Assuming this is the
case then we can fix the combination of parameters entering
into  which determines the overall normalization. Thus in-
stead of scanning over all possible values of coupling and me-
diator mass we instead constrain the coupling to satisfy this
normalization constraint:
g2 = 2
√
2 ε GF m
2
Z′ (16)
Thus with this assumption we can carry out a subsequent more
detailed analysis making use of spectral data to uncover the
NSI mediator mass scale by scanning overmZ′ . This analysis
is summarized in Fig. 3. There we see that for a 10 MeV
example, only a robust upper bound on the vector mass can be
obtained. In contrast, for the 30 MeV and 60 MeV examples,
5at least a 2σ mass measurement is possible (reaching > 3σ in
the 30 MeV case).
Lastly, in Fig. 4 we estimate the expected COHERENT
sensitivity to Z ′ models. For reference we include an esti-
mated bound from solar neutrino scattering in the dark mat-
ter detector CDMSlite [50] as estaimed in [49]. We see that
with reasonable assumptions about the exposure and detec-
tion threshold, COHERENT should be able to improve these
existing limits. We also note that in this plot we compare
limits derived from solar neutrino scattering [49] which were
obtained under the assumption that each neutrino flavor had
only diagonal NSI and neutrino flavor universal couplings, i.e.
εee = εµµ = εττ . In this case, there is no modification to the
matter potential and the propagation effects from NSI vanish,
leaving the only new effect as a modified CEνNS scattering
rate. In the more general case with NSI modified propagation,
these limits would need to be revisited.
IV. CONCLUSIONS
We have examined the near-term sensitivity of the CO-
HERENT experiment to novel BSM contributions to neutrino-
nucleus scattering. As a first step, we carefully examined the
sensitivity to only one NSI parameter εuee. Although the co-
herence of the scattering works in our favor to produce sizable
cross sections, it also results in an exact degeneracy between
SM scattering rates and those with NSI. This degeneracy is
expectedly somewhat more pronounced for enriched germa-
nium than for natural Ge which has a number of isotopes with
sizable abundances. We anticipate that this degeneracy will
be reduced further by combining data from multiple nuclei.
Next we examined the sensitivity to each coupling NSI neu-
trino flavor structure separately, while assuming that the NSI
new physics scale is sufficiently high that the scattering can
be described entirely by dimension-6 operators. The three fla-
vor off-diagonal couplings (εeµ, εµτ , εeτ ) suffer reduced sen-
sitivity from the lack of interference with the SM contribu-
tion. The coupling εµµ produces the strongest signals, and
will therefore leads to the most stringent new constraints on
NSI. This is a result of the νe flavor being the dominant contri-
bution to the delayed signal event category. The sensitivity to
εee will not be competitive however with existing constraints,
which are already quite strong. The only coupling not probed
by neutrino-nucleus scattering from stopped pions is εττ . This
is a consequence of the source-detector distance being so short
compared to the oscillation length, that the source and detec-
tor and flavor ratios are equal.
Lastly, we examined a simplified renormalizable model in
which NSI arises from the exchange of a light Z ′ particle.
This simplified model was studied in order to illustrate CO-
HERENT sensitivity to We found that a coarse spectral anal-
ysis can result in useful information about the mass-scale of
the Z ′. For example if NSI arises from a 30 MeV vector, we
estimated that COHERENT can make a mass measurement of
the Z ′ mass of 30+25−15 MeV at 2σ with 2 years of data taking
on a 10 kg detector.
Lastly, although only sensitive to NSI of the form εeα re-
actor experiments such as MINER [51] with sensitivity to
CEνNS will also be sensitive to NSI at new levels [28]. Given
the large ν¯e flux and likely lower energy thresholds, reactor-
based CEνNS experiments may have better sensitivity to the
NSI coefficients εeα. Given the lower energy neutrino energy
as well we expect the light mediator Z ′ limits to be stronger
as well. We reserve for future work a detailed examination of
the complementarity between stopped-pion and reactor-based
CEνNS experiments for the future of NSI.
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